Abstract A total of 123 pigeonpea landraces collected from farmers' fields in four pigeonpea growing regions of Tanzania were characterized and evaluated for 16 qualitative and 14 quantitative descriptors, and their response across three pigeonpea growing environments in Tanzania and Kenya determined. Polymorphism in the qualitative traits was relatively low among accessions and across collection regions. Collections from the northern highlands exhibited lower diversity in qualitative descriptors, especially physical grain characters, relative to the other three regions, an indication of farmer selection in response to market preferences. There were significant differences in agronomic traits among accessions and in genotype-by-environment interaction (GEI). High broad-sense heritability was recorded for days to flower, days to maturity, plant height, raceme number and 100 seed mass. Principal component analysis and clustering separated variability among the accessions according to days to flower, days to maturity, plant height, number of primary and secondary branches, and number of racemes per plant. There was close clustering within and between materials from the coastal zone, eastern plains and southern plains with the northern accessions distinctly separated and with wide dispersion within them. Overall, two diversity clusters were evident with coastal, eastern and southern landraces in one diversity cluster and northern highlands landraces in another cluster. This diversity grouping established potential heterotic groups which may be used in crosses to generate new cultivars adapted to different pigeonpea growing environments with consumer acceptability. The grouping may also form a basis of forming a core collection of this germplasm representing the variability available.
pulse crop in the world (Whiteman et al. 1985) . In Tanzania, pigeonpea is the third most important legume crop and is grown on more than 55,000 ha with an average production of 38,000 t (Shiferaw et al. 2005) . Although the northern highlands where the crop is getting commercialized is the major production region, the crop is also extensively cultivated along the coast, Morogoro and southern regions of the country (Shiferaw et al. 2005) . Yields on farmers' fields are low (400-700 kg ha À1 ) due to poor cultivars, poor crop husbandry and high losses resulting from insect pests and diseases (Shiferaw et al. 2005) . Most cultivars grown in Tanzania are medium and long duration landraces. However, in the northern region, long duration, improved cultivars developed by ICRISAT's eastern Africa regional program using local germplasm are now being adopted .
No systematic collection and characterization of pigeonpea has been carried in Tanzania. As better yielding improved cultivars are adopted by farmers, there is high likelihood of diversity loss in this crop. This led ICRISAT researchers and national partners in Tanzania to conduct a comprehensive collection mission in 2001 in four major pigeonpea growing areas where a total 123 accessions were obtained. The knowledge of the amount, extent and distribution of genetic variations in germplasm is the key to its improvement and development of effective conservation strategies (Hodgkin 1997) . The study of agro-morphological traits together with sound multivariate statistical procedures that characterize genetic divergence using the criterion of similarity or dissimilarity based on aggregate effect is the classic way of assessing genetic diversity (Mead et al. 2002) and can be used for grouping of the germplasm without prior knowledge of area of origin or germplasm groupings (Ogunbodede 1997) .
This research aimed at determining the extent of genetic divergence in pigeonpea landraces collected from four major pigeonpea production regions of Tanzania based on agro-morphological descriptors and their response in different pigeonpea production environments to provide information that would enable germplasm management and use in breeding programs.
Materials and methods

Germplasm, trial site description, experimental design and crop management
The 123 pigeonpea landrace accessions collected from four main pigeonpea growing regions in Tanzania were used in this study. The accessions consisted of 23 from the coastal zone, 34 from the eastern plain, 36 from the southern plains and 30 from the northern highlands. The 123 accessions plus 21 medium and long duration cultivar checks were grown and evaluated for 30 agro-morphological traits at two sites in Kenya: Kampi ya Mawe (1250 m altitude, 1 0 57 0 S, mean temp. 238C and mean annual rainfall 500-600 mm) and Kabete (1960 Kabete ( m altitude, 1814 0 S and mean temp. 188C and mean annual rainfall 1046 mm) and at one site in Tanzania: Ilonga (506 m altitude, 6846 0 S and mean temp. 228C and mean annual rainfall 1046 mm). The check cultivars were those with known adaptation and released or to be released to farmers in Tanzania, Kenya, Uganda, Malawi and Mozambique. However, the checks were only used in PCA biplots and cluster analysis to determine their separation relative to the 123 accessions. The cropping seasons for the trials were in 2002/03 in Tanzania and 2004/05 in Kenya. At all the sites, the accessions were planted in a 12·12 square Lattice Design with 3 replications. Plots were 4 m length and inter-row and intra-row spacings were 1.5 m and 0.5 m, respectively.
Agro-morphological traits, data collection and analysis IBPGR/ICRISAT Descriptors (1993) was used for data collection. At each site in Kenya, data were collected on 16 qualitative and 14 quantitative traits, however, due to manpower limitations data were taken on only five qualitative and seven quantitative traits at Ilonga. Qualitative data were recorded on individual plants within the plot for each replication except for seed traits which were recorded on a sample from a whole plot. Data on number of primary branches, number of secondary branches, number of racemes, pods per plant, and pod bearing length were taken on five randomly selected plants in each plot. Pod length, pod width and number of seeds per pod were recorded on ten pods selected randomly from five plants in the plot whereas pods per raceme and raceme length were recorded on ten racemes randomly selected from five plants in the plot. Days to flower and days to maturity, and pod and grain yields were taken on a plot basis. All data analyses were done using Genstat 8.0 statistical software. ShannonWeaver diversity indices as described by Jain et al. (1975) were calculated for qualitative traits based on phenotypic frequencies of each trait category to estimate phenotypic diversity among and within the accessions and within collection regions. Frequencies of occurrence of each category in each trait were also calculated.
Analyses of variance were done using unbalanced design instead of the square lattice used in planting due to missing entries (failure to germinate). Broad sense heritability estimates using combined site variance components were made following Haryanto (2002) as the ratio between genetic variance (V G ) and phenotypic variance (V P ). Quantitative traits were subjected to Principal Component analysis (PCA) to determine patterns of variation and major traits contributing to the delineation. The correlation matrix was standardized to minimize effect of scale on variability weighting (Fundora Mayor et al. 2004) . Only principal components (PCs) with Eigen-values above 1 were considered in determining the agromorphological variability in the accessions (Kaiser 1960) . The first two PCs were plotted to enhance the dispersion of the 123 accessions. A cluster analysis was carried out based on Euclidean distance matrix in a hierarchical way (Fundora Mayor et al. 2004 ) using average linkage analysis.
Results and discussion
Qualitative descriptors
Base flower colour, flowering pattern, pod colour, pod form, streak pattern, second seed colour, seed colour pattern and seed shape accounted for the polymorphism in the 123 accessions (Table 1) . The predominant semi-spreading growth habit observed (93%) is a reflection of the cropping systems in the pigeonpea growing areas of eastern Africa where intercropping with cereals and other legumes is widely practiced and these pigeonpea types are preferred due to their high branching plasticity (Baldev 1988) . Most of the accessions in this study had indeterminate flowering pattern (59%), yellow flower colour (73%), red Pod hairiness Elongate 4
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Non-hairystreaks (54%), and mixed pods (50%). These results also agree with findings by Upadhyaya et al. (2005) . Our research confirms farmer and market preferences for cream and white seed types as manifested in 94% of the accessions falling in this category (Table 1) , and agrees with findings reported by Shiferaw et al. (2005) . The frequency of plain white and cream types was however highest in the northern highlands, where the crop is commercialized and preference is for uniform cream and white grain. The mean diversity indices of the assessed qualitative traits in the accessions were generally low (0.2382) and ranged from 0.0436 (stem colour) to 0.4471 (flower streak pattern) ( Table 2 ). Between the four collection regions, diversity indices ranged from 0.1665 (northern highlands) to 0.2749 (coastal zone). There were no significant diversity differences in stem colour, growth habit, base flower colour, pod form, pod hairiness, seed eye colour and seed eye width in the germplasm. Northern highlands landraces had the lowest diversity in all significantly different traits, which is an indication of selection for market preferences.
Quantitative traits There was a significant GEI variation (P < 0.05) among the 14 quantitative traits assessed, and within and between collecting regions (Table 3 ). There was a wide range of variability in the germplasm in all quantitative traits except seeds per pod at Ilonga.
The lowest mean plant height of 120 cm at Kabete (mean seasonal temperature 18.48C), compared with Kampi ya Mawe (121 cm) and Ilonga (189 cm) with seasonal mean temperatures of 22.88C and 24.48C, respectively agree with earlier findings reported by Silim et al. (1995) that there is reduction in pigeonpea plant height with reduction of temperature during the cropping season. Accessions from the northern highlands were the tallest at all experimental sites and took longer to flower at Kampi ya Mawe (198 days), where mean temperatures are high, than at Kabete (120 days) where mean temperatures are low. Silim et al. (2006) also reported that long duration landraces from the high elevations require low optimum temperature for rapid flowering; thereby experiencing delayed flowering at intermediate elevation and fail to flower at low elevations. Maturity classification of the accessions based on days to maturity (early: <135, medium: 135-160, and late >160 days) placed most of the coastal, eastern and southern landraces in the medium maturity group whereas most of the northern highlands landraces belong to the late maturity group across the experimental sites. The low mean pods per plant at Kampi ya Mawe (66) could be attributed to low moisture supply and high temperature as observed by Turnbull (1986) that at high constant day temperatures, floral abortion increases leading to low pod set. Our research findings reveal a high mean seed mass within the collection (14 g on average) and highlands accessions, which are also late maturing, had the highest mean seed mass (16.2 g) at Kabete-a cooler environment where moisture supply in the cropping season was not limiting. This is similar to findings by Ong and Monteith (1985) , who reported that pearl millet produced larger seeds at cooler (low) temperatures because of a longer seed filling duration. On average, coastal, eastern and southern landraces, which are early in maturity, were high yielding at Ilonga and Kampi ya Mawe, where rainfall is low and cropping cycle short, whereas highland collections that are later in maturity showed high yields at Kabete, where rainfall is high and cropping cycles long. The high variability in agronomic traits among the accessions and between accessions and environments indicates the suitability of certain pigeonpea genotypes to specific environments.
Broad-sense heritability
Heritability estimates for days to flowering, days to maturity, grain yield, primary branches, seeds per pod and 100 seed mass, on pooled means across the three sites varied from 0.28 for grain yield to 0.82 for plant heights (Table 4) . Heritability estimates help in selection as they isolate the variability due to genotype from the phenotypic variance (Ortiz 1997) . Based on classification by Saxena and Sharma (1990) , low heritabilities were observed in grain yield (0.28) and seeds per pod (0.4), medium heritabilities in days to maturity (0.67), number of primary branches (0.58) and 100 seed mass (0.63), and high heritabilities in days to flowering (0.75) and plant heights (0.82). Dahiya and Brar (1977) also reported similar varying heritabilities in these traits in pigeonpea. Because traits with high heritabilities are the most reliable as germplasm descriptors (Abu-Alrub et al. 2004) , plant height, days to flower, days to maturity and 100 seed mass could be used for pigeonpea germplasm classification.
Principal components and cluster analysis
Specific patterns that defined the way the variables were associated to influence the first four PCs were identified (Tables 5) . At the three test sites, PC1, which is the most important, accounted for most of the variability with high positive loadings from days to flower, days to maturity, plant height, pod bearing length, number of primary and secondary branches and pods per plant. The bi-plot of PC1 and 2 scores distributed the accessions into two major scatter distributions similarly at the three trial sites (Fig. 1) . Accessions from northern highlands had strong positive scatter PC1 suggesting that they were tall, late to flower and in maturity, with long pod bearing length, higher number of pods per plant, and a higher number of primary and secondary branches. Collections from the coastal zone, eastern and southern plains tended to cluster together on the lower end of both PC1 and PC2, suggesting that they are generally shorter, early in flowering and maturity, have a fewer number of pods per plant and lower yields. Differential trait loadings on the same PC at different locations was evident in grain yield that had positive loadings on PC1 at Kabete, but had negative loadings on PC1 at both Ilonga and Kampi ya Mawe. This was an indication of a strong influence of environment (moisture in this case) on some traits as earlier reported by Silim et al. (2006) or specific adaptation of cultivars. There was very close dispersion within and among the coastal, eastern and southern landrac- es (and separated from northern highlands accessions) and a more wide dispersion within the highland landraces, which reveals a higher similarity among the landraces from coastal, eastern and southern regions. Hierarchical clustering separated the accessions into six clusters with distribution similar to biplot scattering. Clusters 1-4 were mainly composed of accessions collected from the coast, eastern and southern plains and most of the medium-duration check cultivars. Clusters 5 and 6 contained mostly northern highlands landraces and long duration checks. The delineation of the germplasm into two distinct regions of genetic diversity is similar to findings by Rojas et al. (2000) who studied diversity of Bolivia's quinoa (Chenopodium quinoa Willd.) and placed the seven clusters identified into three genetic diversity areas based on altitude. This best explains the two regional classification in our research. The climatic diversity in the three regions of coastal, eastern and southern plains is not wide enough to strongly separate pigeonpea cultivars. It is also possible that years of farmer selection for adaptation to unfavourable weather (drought) could have reduced the diversity in the coastal, eastern and southern regions relative to the northern highlands where moisture is not as limiting. However, as indicated earlier in our research, pigeonpea has a phenological sensitivity to temperature with different temperature requirements for time to flower for different duration types. This sensitivity limits pigeonpea adaptation to diverse altitudes with a definite separation between high and low altitude cultivars (Silim et al. 2006) . The adaptation to specific agro-ecologies is confirmed by similarity in clustering where medium-duration checks adapted to low and medium altitudes were clustered with collections from the coastal, eastern and southern plains, and long duration checks clustered with collections from the highlands. Accessions with similar agronomic traits were grouped together irrespective of collection region. Agro-ecological conditions in a given location usually determine farmers' selection strategies. As shown by our research, farmers' selection for desirable agronomic traits is a major determinant in shaping the diversity of the crop's population. 
